The bacterial phytochrome of Pseudomonas aeruginosa (PaBphP) is an in vitro-active red/far-red light sensor histidine kinase of a two-component regulatory system. Despite solid biochemical data, its function in this heterotrophic, opportunistic pathogen is still unknown. Previous studies established that the genes encoding the two necessary phytochrome components BphO, a chromophore-producing haem oxygenase, and BphP, the apo-phytochrome, are co-transcribed in a bicistronic operon. Transcription has been shown to be induced in the stationary phase and to be dependent on the alternative sigma factor RpoS. Here we show an additional regulation of bphP expression through the quorum-sensing (QS) regulator LasR. This regulation is also reflected in a combination of expression profile experiments and proteome analyses of wild-type and phytochrome-deficient strains. While PaBphP has a pleiotropic effect on global gene expression, 66 % of the downregulated genes in the phytochrome mutant display a link to the Las QS system. Most of these genes seem to be indirectly regulated by LasR through BphP and the unknown response regulator BphR. A model of phytochrome function within the Las QS network is presented.
INTRODUCTION
Phytochromes are red/far-red light sensors in plants, where they are involved in the regulation of photomorphogenesis in processes such as seed germination, shade avoidance, chloroplast development and induction of flowering (Chory et al., 1996; Rockwell et al., 2006; Smith, 2000) . For a long time phytochromes were thought to exist only in plants, but in recent years they have also been identified in fungi and prokaryotes (Blumenstein et al., 2005; Davis et al., 1999) . By now, many prokaryotic and fungal phytochromes have been biochemically and photobiologically characterized (Blumenstein et al., 2005; Froehlich et al., 2005; Giraud et al., 2002; Lamparter et al., 2002; Tasler et al., 2005) . The response to red and far-red light results in two spectrally distinct, photointerconvertible phytochrome forms: a red light-absorbing form (Pr form) and a far-red light-absorbing form (Pfr form) (Chen et al., 2004) . The photochemistry of phytochrome action is mediated by a covalently attached linear tetrapyrrole chromophore and is based on the isomerization of a double bond in the conjugated chromophore system (Li & Lagarias, 1992) . While light sensing is an important characteristic for phototrophic prokaryotes such as Rhodopseudomonas palustris and the cyanobacterium Synechocystis sp. PCC 6803, the biological function of phytochromes in heterotrophic bacteria such as Pseudomonas aeruginosa and Agrobacterium tumefaciens is enigmatic (Giraud et al., 2005; Hübschmann et al., 2005; Lamparter, 2006; Oberpichler et al., 2006) . Despite the solid biochemical data which clearly point towards a light-sensing function of BphP in P. aeruginosa , another sensory function cannot be excluded. In general, the presence of a putative light sensor in P. aeruginosa would not be too surprising as this organism is very versatile in terms of adaptation and contains many sensor proteins to detect environmental signals (Rodrigue et al., 2000) . P. aeruginosa is ubiquitous in water and soil environments, and the extent of infections of plants, animals and humans triggered by P. aeruginosa is significant (Cao et al., 2001; Prithiviraj et al., 2005) . In particular, it can cause serious infections in immunocompromised individuals and in patients with cystic fibrosis (Wagner & Iglewski, 2008) . During infection, virulence factors are produced in a cell density-dependent manner, via the quorum-sensing (QS) system as well as in a growth phase-dependent fashion, through the stationary phase alternative sigma factor RpoS (de Kievit & Iglewski, 2000; Schuster et al., 2004; Suh et al., 1999) .
Biochemical analyses have established that the genes bphO (PA4116) and bphP (PA4117) encode the two necessary phytochrome components in P. aeruginosa: BphO, a haem oxygenase that produces the chromophore biliverdin IXa, and BphP, the apo-phytochrome. Both components autocatalytically assemble to a functional holo-protein (PaBphP) that exhibits the characteristic red/far-red lightinduced photoconversion . P. aeruginosa harbours an additional haem oxygenase PigA (also known as HemO), which differs from BphO by its different regiospecificity of haem cleavage, resulting in the products BV IXb and BV IXd (Ratliff et al., 2001) . Interestingly, the latter has been shown to be able to bind to apo-BphP and to constitute a functional phytochrome (Wegele et al., 2004) . Whether this is of any biological significance is unknown and is currently under investigation in our laboratory. However, it has been shown that PigA plays a role in the iron supply of the bacterium (Ratliff et al., 2001) .
PaBphP is an orphan cytoplasmic sensor histidine kinase of a two-component system whose autophosphorylation activity has been demonstrated . So far, the identity of the corresponding response regulator (which we named BphR) out of 72 putative response regulators in P. aeruginosa is still unknown (Rodrigue et al., 2000) .
The expression of the bicistronic phytochrome operon of P. aeruginosa has been shown to be induced in a growth phase-dependent manner through the action of the alternative sigma factor RpoS, suggesting a role of PaBphP in stationary phase. Phenotypic analyses of bphO and bphP chromosomal knockout mutants have revealed no obvious growth defect under various conditions, although increased levels of pyocyanin have been detected in the DbphO strain. This strain also shows decreased heat tolerance in the stationary phase and a potential protective role of the BphO reaction product biliverdin IXa has been postulated. Therefore, BphO has been postulated to have an additional function besides providing the chromophore for BphP, and both proteins are likely to have roles in the stationary phase (Barkovits et al., 2008) .
As the phenotypic analyses of the phytochrome and haem oxygenase knockout mutant have not answered the question about the function of PaBphP in P. aeruginosa, a global approach was undertaken to elucidate this puzzling question. With transcriptome analyses using DbphO and DbphP mutants in comparison with the wildtype (WT), this study identified several genes that are interwoven in the RpoS/Las QS network of P. aeruginosa. Furthermore, proteome analyses of the WT and the DbphP mutant complemented this study at the protein level.
METHODS
Bacterial strains and growth conditions. All P. aeruginosa strains were routinely grown and maintained on Luria-Bertani (LB) plates or LB broth at 37 uC (Barkovits et al., 2008) and are listed in Table 1 . The concentration of gentamicin used for selection of P. aeruginosa mutant strains was 200 mg ml
21
. Construction of mutant strains has been described previously (Barkovits et al., 2008) . The concentration of tetracycline used for selection of the strains containing chromosomally integrated promoter-lacZ fusions was 100 mg ml 21 .
RNA isolation. Total RNA from P. aeruginosa was isolated with the Total RNA Isolation NucleoSpin RNAII isolation kit (MachereyNagel) according to the manufacturer's instructions using 2 ml stationary phase culture (OD 578 3.5) grown in LB broth. RNA was treated with RNase-free DNase (Macherey-Nagel) for 1 h at room temperature to remove contaminating chromosomal DNA. The quality and quantity of the prepared RNA were checked on an agarose gel and spectrophotometrically with a NanoDrop 100 spectrophotometer (PeqLab Biotechnologie).
Expression profiling experiments. Expression profiles of the P. aeruginosa WT, a DbphO and a DbphP mutant strain were compared. For this purpose, six independent cultures of each strain were grown in LB broth at 37 uC to stationary phase (OD 578 3.5) and total RNA was isolated. Transcriptome experiments were performed with three independent samples, where each sample was composed of two individual RNA preparations. Labelled cDNA was generated according to the technical manual for the Affymetrix Pseudomonas microarray (http://www.affymetrix.com).
Synthesis of cDNA was done using random hexamers as primers for reverse transcription with SuperScript II (Invitrogen). Annealing of 10 ml primers (75 ng ml
) to 10 mg total RNA was performed for 10 min at 70 uC, followed by an incubation for 10 min at 25 uC. Elongation of cDNA using SuperScript II was performed under the following conditions: 10 min at 25 uC, 60 min at 37 uC, 60 min at 42 uC and 10 min at 70 uC [12 ml 56 First Strand Buffer (Invitrogen), 6 ml 100 mM DTT, 3 ml 10 mM dNTPs, 1.5 ml 20 U SUPERase-In ml 21 (Ambion/Applied Biosystems) and 7.5 ml 200 U SuperScript II ml 21 ]. Residual RNA was removed by addition of 1 M NaOH and incubation at 65 uC for 30 min, followed by neutralization with 1 M HCl. cDNA was purified with a MinElute PCR purification kit (Qiagen) and eluted in 45 ml buffer EB (10 mM Tris/ HCl, pH 8.5), followed by quantification of cDNA using a NanoDrop 100 spectrophotometer.
Fragmentation of purified cDNA was carried out with DNase I (Invitrogen) in a ratio of 0.1 U DNase I : 1 mg cDNA incubated for 5 min at room temperature. The reaction was subsequently inactivated by incubation at 98 uC for 10 min. Fragmented cDNA was end labelled with Biotin-ddUTP using GeneChip DNA Labelling Reagent (Affymetrix) and a terminal deoxynucleotidyltransferase (Promega). The labelling reaction (10 ml 156 reaction buffer, 2 ml chip labelling reagent, 2 ml terminal deoxynucleotidyltransferase and 36 ml fragmented cDNA) was incubated for 60 min at 37 uC and stopped by adding 2 ml 0.5 M EDTA, pH 8. Verification of cDNA fragmentation between 50 and 200 bp and end-labelling with BiotinddUTP were confirmed by running samples on 15 % polyacrylamide gels and visualizing via SYBR Gold staining (Invitrogen). Target hybridization, washing, staining and scanning were performed by the Affymetrix Core Facility at the Helmholz Zentrum für Infektionsforschung, Braunschweig, Germany.
Data analysis of expression profiling experiments. Raw data obtained from the Affymetrix GeneArray Scanner were preprocessed with the Bioconductor software framework (Gentleman et al., 2004) . Expression values were calculated using the Robust Multichip Average (RMA) method (Irizarry et al., 2003a, b) using quantile normalization (Bolstad et al., 2003) , background-corrected perfect match intensities and median polish as summarization method. Data were statistically analysed using the Cyber-T method. The P value threshold was 0.001 and the corresponding probability of differential expression (ppde) values were calculated (Baldi & Long, 2001; Hatfield et al., 2003; Hung et al., 2002) (Supplementary Table S1 ).
Construction of reporter gene fusions. Chromosomally integrated transcriptional lacZ reporter gene fusions were generated using the mini-CTX-lacZ vector system (Becher & Schweizer, 2000) . The putative promoter region of PA4739 was amplified using Pfu DNA polymerase (Fermentas) with the primers PA4739profwd (containing an XhoI site) and PA4739prorev (containing an EcoRI site) (Supplementary Table S2 ). The 706 bp XhoI/EcoRI-digested PCR amplicon was cloned into the respective sites of mini-CTX-lacZ to construct pKBP10. This plasmid was transferred to P. aeruginosa WT, DbphP and DrpoS via diparental mating using Escherichia coli S17-1 as a donor to generate the strains KBP08, KBP10 and KBP12, respectively. The putative promoter region within the intergenic region of bphO and bphP was amplified using primers PA4117PHindIIIfwd and PA4117PXmalrev (Supplementary Table  S2 ). The 818 bp amplicon was digested with HindIII and XmaI and subsequently cloned into similarly digested miniCTX-lacZ to construct pJKP01. This plasmid was transferred to P. aeruginosa PA14 WT and an isogenic DlasR strain generated with plasmid pSB219.9A (Beatson et al., 2002) as described above. The use of strain PA14 became necessary as we were unable to obtain the respective mutants in the PAO1 WT. The integration of the plasmid into the attB site of the P. aeruginosa genome was obtained by selecting for tetracycline resistance. For determination of b-galactosidase activity from the chromosomally integrated lacZ fusion the P. aeruginosa lacZ reporter strains were grown overnight at 37 uC, diluted to OD 578 0.05 and grown at 37 uC. b-Galactosidase activity was measured (Miller, 1972) at different time intervals.
Construction of the bphO complementation vector. A 980 bp PCR fragment containing the bphO coding region and 283 bp of the upstream region was generated with Pfu DNA polymerase using primers PA4115-16fwd and PA4115P2rev (Supplementary Table S2 ). The amplicon was blunt end-cloned into the SmaI restriction site of pBBR1MCS3 (Kovach et al., 1995) , resulting in pBSP16. The integrity of pBSP16 was confirmed by DNA sequencing (MWG). For complementation studies, pBSP16 was conjugated via diparental mating into the PAO1 WT and the DbphO mutant strain.
Quantitative real-time RT-PCR (qRT-PCR). Transcript abundance was measured by qRT-PCR using the MESA Green qPCR MasterMix Plus for SYBR assay (Eurogentec). RNA was isolated from P. aeruginosa WT and mutant strains grown in LB to stationary phase (OD 578 3.5). Synthesis of cDNA was carried out as described above for the expression profile experiments. Oligonucleotide primers were designed using the Pseudomonas genome database (http://www. pseudomonas.com) and the Primer3 software on http://Frodo.wi.mit. edu. Selected primers had melting temperatures of 61-62 uC and yielded amplicons of 100-200 bp. Moreover, the functionality of each primer pair was verified by PCR with genomic DNA and subsequent gel electrophoresis before use for further quantification analysis by real-time RT-PCR. The primers used are listed in Supplementary Table S2 . All real-time RT-PCRs were performed in a volume of 20 ml in a DNA Engine Opticon 2 real-time PCR detection system (Bio-Rad Laboratories) with the following PCR conditions: 50 uC for 2 min, 95 uC for 10 min, followed by 40 cycles of 95 uC for 15 s and 60 uC for 1 min. Obtained melting curves were analysed for optimal PCR conditions, whereas reaction with primer pairs that produced dimer were excluded for quantification of transcript levels. Amplicon size for each primer pair was verified by gel electrophoresis. Control PCRs were performed with samples that lacked reverse transcriptase to exclude contamination with chromosomal DNA. Only RNA samples that did not yield a PCR product in the absence of reverse transcriptase were used for further studies. The efficiency of each primer pair was calculated from standard curves (Pfaffl, 2001) or using LinRegPCR (Ramakers et al., 2003) . Mean threshold cycle (C t ) values were calculated from the triplicates and used for calculations of expression ratios according to Pfaffl (2001) with primer-specific efficiencies. The C t values for an amplicon derived from the recA gene (Waite et al., 2006) were used as a reference for normalization. Realtime PCR experiments with each strain and primer pair were carried out at least twice with biologically independent samples, and all reactions were performed in triplicate. Complementation strains were treated similarly and compared with the WT strain carrying the complementation plasmid.
Proteome analysis. For separation of whole-cell proteins, P. aeruginosa cultures (WT and DbphP) were grown to stationary phase (OD 578 3.5) in LB broth, and 10 ml of bacterial suspension was harvested for protein extraction by centrifugation (10 000 g for 3 min). All preparative steps were carried out at 4 uC unless otherwise noted. Bacterial cells were washed twice with PBS (pH 7), and the obtained pellet was suspended in 1.6 ml SDS buffer [100 mM Tris/ HCl, pH 9.5, 1 % (w/v) SDS]. Cell disruption was achieved with an ultrasonic homogenizer (2630 pulses; 4 mm probe tip; interval: 1 Hz; pulse duration: 0.3 s; 20 kHz homogeneous sound; power output: 50 W) on ice. The cell lysate was centrifuged at 10 000 g for 30 min and aliquots of the supernatant were frozen at 280 uC.
Prior to the IEF with immobilized pH gradient (IPG) strips (GE Healthcare), the protein concentration was determined with the BioRad Protein Assay (Bio-Rad Laboratories). Approximately 250 mg whole-cell protein was used for IPG strip rehydration in IPG strip rehydration buffer [8 M urea, 1 % CHAPS (w/v), 0.4 % DTT (w/v) and 0.5 % Pharmalyte 3-10 (v/v)] for 16 h. IEF was performed across a nonlinear pH range between 3 and 7 on 24 cm IPG strips on an IPGphor 3 isoelectric focusing system (GE Healthcare) at 20 uC with the following focusing settings: 200 V constant for 2 h, 500 V constant for 2 h, 1000 V gradient for 2 h, 8000 V gradient for 2.4 h, and final 8000 V for 4.5 h, giving a total of 48 000 Vh. IPG strips were stored at 280 uC or used immediately for seconddimension electrophoresis by SDS-PAGE.
Separation of the whole-cell protein in the second dimension was accomplished in 15 % and 1 mm thick vertical SDS-polyacrylamide gels using the Ettan DALT six system (GE Healthcare) at 20 uC. Before application of IPG strips to the SDS-PAGE, the separated proteins in the strips were first reduced with equilibration buffer I [6 M urea, 30 % (w/v) glycerol, 2 % (w/v) SDS, 1 % (w/v) DTT in 0.05 M Tris/HCl buffer, pH 8.8] for 20 min. Next, strips were incubated in equilibration buffer II [6 M urea, 30 % (w/v) glycerol, 2 % (w/v) SDS, 4.8 % (w/v) iodoacetamide in 0.05 M Tris/HCl buffer, pH 8.8] for 20 min to alkylate free thiol groups on separated proteins with iodoacetamide. The IPG strips were then placed on top of the SDS-polyacrylamide gels and fixed with 0.5 % agarose sealing buffer (0.5 % agarose in running buffer dyed with bromophenol blue). Gels were run using an Ettan DALT six system with 16 running buffer (24 mM Tris, 0.2 M glycine, 0.1 % SDS) in the lower chamber and 2.56 running buffer in the upper chamber. SDS-PAGE was performed at 2 W per gel in a first step for 1 h, and in a second final step at 80 W per gel at 20 uC until the dye front reached the end of the gel. To estimate the molecular mass of proteins the Unstained Protein Molecular Weight Marker from Fermentas was used.
In order to analyse the presence and absence of separated proteins, after 2D electrophoresis the proteins were stained with SYPRO Ruby as described in Lamanda et al. (2004) . Stained gels were scanned with a flatbed scanner (Typhoon imager). After image scanning, the 2D gels were evaluated with Delta2D software, version 4.0 (DECODON). Selected protein spots were cut out, digested with trypsin and identified by Peptide Mass Fingerprint (PMF) using a 4800 MALDI TOF/TOF analyser (Applied Biosystems) (Eymann et al., 2004) .
RESULTS
Expression profiles of the DbphO and DbphP mutants of P. aeruginosa
In order to learn more about the function of PaBphP, the effects of both a bphO and a bphP deletion on global gene expression were analysed using Pseudomonas Affymetrix GeneChips. For this purpose expression profiles of a DbphO mutant, a DbphP mutant and the P. aeruginosa WT grown to stationary phase (OD 578 3.5) were compared. This revealed 89 genes whose expression was influenced by the loss of bphO and 124 genes influenced by the loss of bphP. In the DbphO mutant, 67 genes were significantly downregulated and 22 genes were significantly upregulated, while 105 genes were downregulated and 19 genes were upregulated in the DbphP mutant. Comparison of the two expression profiles indicated that 74 genes were regulated in both deletion mutants (Tables 2 and 3 ). These 74 genes are considered true phytochrome-regulated genes as we propose that both BphO and BphP are required for establishing a functional holo-phytochrome sensor histidine kinase. Among those 74 regulated genes, 60 were significantly downregulated and 14 were significantly upregulated in both mutants. For further analyses, these genes were divided into functional classes and are listed in Tables 2 and 3 . The majority of the downregulated genes encode hypothetical proteins, but other identified genes can be attributed to specific functional classes. The upregulated genes can be placed within the same functional classes; however, no genes involved in adaptation were significantly upregulated in either mutant strain.
Validation of expression profile data with a lacZ reporter gene fusion and qRT-PCR Expression profile data were independently confirmed via a promoter-lacZ reporter gene fusion of PA4739 and qRT-PCR of several regulated genes. PA4739 was chosen for the lacZ analyses as it was the gene downregulated to the greatest extent in our expression analyses. Transcription of PA4739 is growth phase-dependent and was approximately threefold reduced in the DbphP strain after 6 h of growth (i.e. at OD 578 3.5) (Fig. 1) . qRT-PCR of selected genes confirmed the microarray data and results are shown in Table 4 . 
Complementation studies
In order to confirm that the changes in the expression of certain genes were indeed due to the loss of bphO, complementation experiments employing bphO under its own promoter were performed. A replicative vector harbouring a PCR fragment containing the bphO promoter and the bphO gene was introduced into the WT and the DbphO strain and subsequently expression levels of several selected genes were determined by qRT-PCR (Table 4 ). Our data indicated that the mutant was complemented and that expression levels in the complemented strains were closer to those observed in the WT.
Many genes affected by PaBphP are linked to QS
Closer inspection of the 60 downregulated genes revealed that 40 of them had been shown to be regulated by the two homoserine lactone QS systems LasR-LasI and/or RhlRRhlI Schuster et al., 2003; Wagner et al., 2003) . Specifically, 26 of these QS-regulated genes had been shown to be induced in a LasR-overexpression strain of P. aeruginosa (Schuster & Greenberg, 2007) (Table  2 ). In addition, seven of the LasR-dependent genes had been shown to be regulated by the alternative sigma factor RpoS (Schuster & Greenberg, 2007; Schuster et al., 2004) .
PaBphP itself is LasR-regulated
In order to understand the role of PaBphP in regulating the identified genes we again had a closer look at bphOP expression itself. We and others have previously identified the RpoS-dependent expression of the bicistronic bphOP operon (Barkovits et al., 2008; Schuster et al., 2004) . In addition, several microarray studies and a recent chromatin immunoprecipitation (ChIP)-Chip experiment have suggested additional regulation via LasR (Gilbert et al., 2009; Schuster et al., 2003 Schuster et al., , 2004 Wagner et al., 2003) . Specifically, a LasR-dependent promoter for bphP has been postulated in the intergenic region of bphO and bphP (Gilbert et al., 2009) . Since no direct binding of LasR to the intergenic region could be shown by gel-shift analysis (Gilbert et al., 2009) we constructed a bphP-lacZ reporter gene fusion harbouring the intergenic region between bphOP and introduced it into the WT and an isogenic lasR mutant strain. The expression in the lasR background was approximately 3.5-fold reduced compared with the WT (Fig. 2) , suggesting a second level of regulation of bphP through the QS regulator LasR. However, transcription from this promoter would require a rather unconventional binding of the RNA polymerase, as the predicted LasR box is only 8 bp upstream of the annotated AUG start codon. These data indicate that bphO and bphP dGenes which were shown to be QS-or RpoS-dependently regulated via the ProdoNet tool of the PRODORIC database or in other transcriptome studies of P. aeruginosa Münch et al., 2003; Schuster & Greenberg, 2007; Schuster et al., 2003 Schuster et al., , 2004 Wagner et al., 2003) . (q) Indicates activation by QS or RpoS. QS includes both the Las and/or the Rhl system (Schuster et al., 2003; Wagner et al., 2003) . Regulators denoted in brackets have been shown to activate gene expression (Schuster & Greenberg, 2007) . §Aspedon et al. (2006). are directly regulated by RpoS (bicistronic transcript), with bphP additionally regulated through LasR (monocistronic transcript).
Osmoresponsive genes are influenced by PaBphP
In general, it appears that the loss of a functional phytochrome has a pleiotropic effect on global gene expression. Careful analysis of our data revealed a whole set of genes that had previously been described as osmoresponsive genes in P. aeruginosa but also in other Gram-negative bacteria such as E. coli (Aspedon et al., 2006; Wood, 1999) . In total, 15 genes related to osmotic stress were downregulated in both mutants and are listed in Table  2 . All of them, except PA3460, have been identified as QSregulated genes in other microarray analyses Schuster & Greenberg, 2007; Schuster et al., 2003; Wagner et al., 2003) . Among them is osmY (PA4739), the most downregulated gene in the DbphP mutant. The gene product of osmY is a hypothetical periplasmic protein and possesses a predicted BON domain that is typical of OsmYtype proteins involved in protection against osmotic shock (Yeats & Bateman, 2003) . In E. coli and P. aeruginosa, osmY is induced by hyperosmotic shock (Aspedon et al., 2006; Yim & Villarejo, 1992) . It is hypothesized that OsmY contacts the phospholipid interface within the periplasmic space, thereby preventing shrinkage of the cytoplasmic compartment. In this way, the inner membrane would be attached to the more rigid outer membrane and shrinking would be reduced (Liechty et al., 2000; Oh et al., 2000) . osmY is most likely the first gene of a bicistronic operon (PA4739-PA4738). Therefore, it is not unexpected that PA4738 is also downregulated in both mutant strains and that PA4738 is also induced under osmotic stress (Aspedon et al., 2006) .
Furthermore, the genes osmC and osmE were significantly downregulated in both mutants ( dGenes which were shown to be QS-or RpoS-dependently regulated via the ProdoNet tool of the PRODORIC database or in other transcriptome studies of P. aeruginosa Münch et al., 2003; Schuster & Greenberg, 2007; Schuster et al., 2003 Schuster et al., , 2004 Wagner et al., 2003) . (q) Indicates activation and (Q)repression by QS or RpoS. QS includes both the Las and/or the Rhl system (Schuster et al., 2003; Wagner et al., 2003) . Regulators in brackets have been shown to activate gene expression (Schuster & Greenberg, 2007) . §Genes which are known to be induced in biofilm (BF) cultures compared with planktonic cells (Hentzer et al., 2005) . Gutierrez & Devedjian, 1991; Gutierrez et al., 1995) . Transcription of osmE in P. aeruginosa is RpoS-dependent (Lacour & Landini, 2004; Schuster & Greenberg, 2007) . In addition, expression of both genes is activated by the Las system and has also been shown to be affected by PsrA, a transcriptional regulator involved in stationary phaseinduced transcriptional regulation of rpoS (Kang et al., 2008; Kojic et al., 2005; Schuster et al., 2003) . osmC and osmE transcription has furthermore been shown to be activated by AlgU, an alternative sigma factor, in a mucoid strain of P. aeruginosa (Firoved & Deretic, 2003) . Thus, several regulatory players are involved in osmC and osmE expression, supporting the physiological significance of their regulation in stationary phase.
In order to test the link between PaBphP and osmoprotection, hyperosmotic conditions (0.8 M NaCl) were applied to the PAO1 WT and the DbphO and DbphP mutant strains. However, no survival rate reduction or growth deficiencies in the mutant strains were observed compared with the WT (data not shown).
Impact of PaBphP on PQS synthesis genes
Our microarray experiment furthermore revealed an influence on the expression of pqsA and -C in both the DbphO and the DbphP strain, and additionally pqsB and -D in the DbphP strain alone (data not shown). These genes were downregulated approximately 2.5-fold in response to the absence of PaBphP. The pqs genes form an operon, which encodes enzymes involved in synthesis of the P. aeruginosa quinolone signal (PQS) precursor 2-heptyl-4-quinolone (HHQ). PQS and HHQ belong to a family of compounds called 2-alkyl-4-quinolones and are involved in the QS regulatory system, where they are important for virulence factor expression and biofilm formation (Camilli & Bassler, 2006; Dubern & Diggle, 2008; Pesci et al., 1999) . Recently, PQS was identified as having pro-as well as antioxidant activities when cells enter the stationary phase. PQS sensitizes bacteria to exogenous stresses but also promotes an efficient bacterial anti-stress response (Häussler & Becker, 2008) .
To analyse the effect of PaBphP on pqsABCD expression, PQS and HHQ production of the WT was compared with Fig. 1 . Expression of a chromosomally integrated transcriptional PA4739 (osmY)-lacZ reporter gene fusion during growth in the P. aeruginosa WT, and the DbphP and DrpoS mutants. As a control, a promoterless lacZ was used. b-Galactosidase activity is shown in Miller units and each value is the mean±SD of two independent triplicate measurements. 
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that of the DbphP mutant. The synthesis of both PQS and HHQ was only marginally reduced in the DbphP mutant at a cell density of OD 578 3.5, at which gene expression was also analysed by microarray ( Supplementary Fig. S1 ).
Many of the upregulated genes are also upregulated in biofilm cultures
Closer inspection of the 14 significantly upregulated genes revealed that eight of them had been shown to be induced in biofilm cultures compared with planktonic cells (Hentzer et al., 2005) . Among the upregulated genes are several related to oxygen limitation and anaerobic growth: PA4587, a dihaem-containing cytochrome c 551 peroxidase involved in the reduction of H 2 O 2 , PA5427, alcohol dehydrogenase, and PA0836, acetate kinase, both fermentation pathway enzymes, and PA1546, the O 2 -independent coproporphyrinogen III oxidase, a key regulatory enzyme of haem biosynthesis. All these genes have recently also been shown to be regulated through the oxygen sensor Anr (Trunk et al., 2010) . As previously reported, we did not see any growth difference between the WT and the phytochrome mutants under anaerobic denitrifying growth conditions (Barkovits et al., 2008) .
Proteome analyses support the transcription profile of the DbphP mutant
In a complementary approach to the presented expression profiles of the DbphO and DbphP mutants, the proteome profiles of a DbphP mutant and the PAO1 WT grown under identical conditions were analysed by means of 2D gel electrophoresis. Among the obtained protein patterns, 10 proteins with significantly decreased or increased levels in the DbphP mutant were identified and selected for protein identification by peptide mass fingerprinting using MALDI-TOF MS analysis (Fig. 3 , Table 5 ). Interestingly, three proteins [PA4739 (OsmY), PA0059 (OsmC) and PA4880] were identified whose coding genes were also detected in our expression profiling experiments (Table 5 , highlighted in bold type). Among them also was OsmY, the most downregulated gene in our expression profile data. Both OsmC and OsmY have recently also been identified in a proteome study and are clearly downregulated in a P. aeruginosa oxyR mutant (Vinckx et al., 2011) . Other identified proteins included PpiA (PA3227), a peptidylprolyl cis-trans isomerase A, which has been reported in a proteomic study of the QS regulon (Arevalo-Ferro et al., 2003) . PpiA is a QS-regulated protein with chaperone activity that catalyses the cis-trans isomerization of proline peptide bonds and thereby helps proteins to fold into their active conformation. This process has been reported to play a role in pathogenesis (Kromina et al., 2008) .
Overall, the observation that genes and their corresponding proteins were affected at both the transcriptional and the protein level supports the role of PaBphP in stationary phase and furthermore the coherence of the presented data.
On the other hand, some of the identified proteins appear to be translated from an mRNA with a short half-life, which might explain why we did not observe them in our microarray studies.
DISCUSSION
Bacterial adaptation to environmental conditions is maintained by complex regulatory systems, which are adjusted to the current stimuli. Since the discovery of bacterial phytochromes in heterotrophic organisms, many biological functions of these putative photoreceptors have been discussed, including roles as bilin, light and/or oxygen sensors (Montgomery & Lagarias, 2002) . Up to now, only a function for the phytochrome from Deinococcus radiodurans, DrBphP, in the light-dependent regulation of carotenoid biosynthesis has been postulated. In this case, the pigment protects the bacterium from UV radiation (Davis et al., 1999) . In contrast, the opportunistic pathogen P. aeruginosa does not produce any carotenoids, and therefore PaBphP must have another biological function.
Bacterial phytochromes are typical sensor histidine kinases of a two-component signalling system. The phytochrome operons of D. radiodurans, Rhizobium leguminosarium and Synechocystis sp. PCC6803 also encode a response regulator involved in the sensory cascade as the direct phosphoacceptor of the activated kinase (Bhoo et al., 2001) . This is in contrast to P. aeruginosa, in which the corresponding response regulator is unknown and not encoded within the phytochrome operon. Although PaBphP is still postulated Fig. 2 . Expression of a chromosomally integrated transcriptional bphP-lacZ reporter gene fusion in P. aeruginosa PA14 WT and an isogenic DlasR mutant strain. As a control, a promoterless lacZ was used. b-Galactosidase activity is shown in Miller units and each value is the mean±SD of two independent duplicate measurements.
to be part of a two-component regulatory system, the constituents of the phytochrome regulon are still unknown (Ventre et al., 2004) . This includes the nature of the signal and the response regulator as well as the overall function of PaBphP. A first hint indicating the function of PaBphP was the RpoS-dependent stationary phase-induced expression of the phytochrome operon (Barkovits et al., 2008) . In the current study we show that the expression of bphP is Fig. 3 . 2D PAGE of whole-cell proteins from the P. aeruginosa WT strain (a) and the DbphP mutant (b) were grown to stationary phase in LB broth and whole-cell proteins were used for 2D separation. Spots in the gel images marked with arrows show significant changes in proteins synthesized at higher or lower amounts in the DbphP mutant strain and were further used for protein identification. The numbers correspond to the spot ID numbers given in Table 5 . Two representative gel images from three replicate gels are shown. Proteins were stained with SYPRO Ruby. additionally modulated by the QS regulator LasR, and that more than 50 % of PaBphP-promoted genes have been shown elsewhere to be activated by the QS system. The QS system of P. aeruginosa is involved in the regulation of over 300 genes and consists of three associated systems: the Las, the Rhl and the PQS systems (Williams & Cámara, 2009 ). The first two are well characterized and are composed of a respective transcriptional regulator (LasR/RhlR) and the cognate autoinducer N-(3-oxohexanoyl)-L-homoserine lactone/N-butanoyl-L-homoserine lactone, which are synthesized by LasI and RhlI, respectively. In addition it is well established that both systems are hierarchically organized, with LasR controlling the expression of rhlI and rhlR (Latifi et al., 1996; Medina et al., 2003; Pesci et al., 1997) . Therefore, it is not unexpected that many of the identified downregulated genes in Table 2 are regulated via both LasR and RhlR (for simplicity only designated QS in Table 2 ) (Schuster et al., 2003) .
Based on our results we propose that bphP is likely one of the few direct LasR targets in P. aeruginosa. We assume that regulation through LasR will increase the number of phytochrome sensor molecules in the stationary phase to integrate an unknown signal. It is conceivable that only expression of the sensor is modulated and not that of the chromophore-producing haem oxygenase. The haem oxygenase BphO is able to supply the apo-phytochrome with enough chromophore even when the demand becomes higher, since the rate-limiting step of this enzymic conversion is the release of the product (Wegele et al., 2004) . From a physiological point of view there is not the necessity to further upregulate bphO expression.
The present study suggests that the signal sensed by BphP is integrated into the QS system of P. aeruginosa. Loss of PaBphP initiated changes in the transcription levels of various genes, many of which have been reported to be under the control of LasR. However, many of them appear to be indirect LasR targets and might instead be directly regulated by a PaBphP downstream partner, such as BphR (Fig. 4) . Others, such as osmY, contain a predicted LasR box in their promoter region and therefore might be directly and indirectly regulated by LasR. An additional level of regulation is introduced through the alternative sigma factor RpoS. RpoS directly regulates the expression of bphOP (Barkovits et al., 2008) and itself is regulated by LasR (Latifi et al., 1996) . We propose that many of the genes identified in this study (such as osmY) which are also regulated by LasR and/or RpoS might be direct downstream targets of PaBphP and only indirectly regulated by the QS system and the alternative sigma factor. However, a more complex mode of regulation involving several transcriptional activators and an alternative sigma factor is also feasible (Ishihama, 2010) .
Under the assumption that both components, BphO and BphP, are required to establish a functional PaBphP, as biochemically observed in vitro , only those genes significantly regulated in both mutant strains were included in our further analyses. Although the loss of a functional phytochrome has a pleiotropic effect, it is evident that a number of genes encoding proteins involved in the synthesis of stress protectants are downregulated. We therefore propose that PaBphP senses an environmental signal and subsequently induces the transcription of these genes to protect the cell. Most of the identified genes have been described in the context of osmotic stress and QS; however, it is known from other bacteria such as E. coli that certain stressors induce a general stress response which enables the cell to cross-protect itself from other stresses (Hengge-Aronis, 2000) . On the other hand it is also obvious that in contrast to a hyperosmotic stress response we did not observe the induction of transporters in any of our studies. Transporters are among the main target genes to be induced under osmotic stress conditions, enabling influx of K + and glutamate in response to hyperosmotic conditions (Aspedon et al., 2006) . Our study suggests rather that the biosynthesis of cell-stabilizing substances or proteins is induced by PaBphP. Unfortunately, phenotypic analysis to prove this assumption did not result in any significant changes in stress tolerance.
Based on the light-responsive activity of recombinant PaBphP in vitro, one would still postulate light as the primary signal. However, so far we have no experimental evidence that this is the case in vivo, and other signals have been proposed to be sensed by bacterial phytochromes. One would be the presence or absence of the bilin chromophore, which could indirectly represent a certain environmental condition [i.e. the presence or absence of oxygen or iron due to the activity of haem oxygenases (Wegele et al., 2004) ]. In summary, PaBphP integrates not only a growth-phase effect (through RpoS) into the LasR QS network but also a so-far-unknown signal, which might be light, oxygen or some other environmental condition. The identification of the signal and the response regulator is the subject of current research in our laboratory.
